The thermal inactivation characteristics of Bacillus stearothermophilus (1518) spores and putrefactive anaerobe (PA) 3679 (NCA) spores suspended in skim milk were determined after treatment in pilot-plant ultrahigh-temperature (UHT) processing equipment. Temperature-survivor curves were constructed from survival data to emphasize the critical nature of temperature control in process evaluation. 
The thermal inactivation characteristics of Bacillus stearothermophilus (1518) spores and putrefactive anaerobe (PA) 3679 (NCA) spores suspended in skim milk were determined after treatment in pilot-plant ultrahigh-temperature (UHT) processing equipment. Temperature-survivor curves were constructed from survival data to emphasize the critical nature of temperature control in process evaluation. Timesurvivor curves for PA 3679 spores were concave upward, and decimal reduction time (DRT) curves for these spores supported the observation of a protective response occurring at the longest exposure times. However, exposure time did not markedly affect the extremely high ZD value obtained for PA 3679 spores. The substitution of Gelysate for Trypticase and Thiotone as the peptone in the sporulation medium increased the relative heat resistance of B. stearothermophilus spores, but lowered the ZD value from 16 F to 12 F. The DRT curves in all cases were linear, but the ZD values observed in this study differed considerably from those reported by other workers.
Information on thermal inactivation of bacterial spores at ultrahigh temperatures (UHT) is limited, and is especially scarce on inactivation of spores heated in processing equipment by direct steam injection. Recently, Edwards, Busta, and Speck (6, 7) investigated the effects of UHT processing on Bacillus subtilis spores and observed several unusual responses to the heat treatment. Their report indicated a definite need for studies on spores of greater heat resistance, such as those produced by certain strains of mesophilic anaerobes and thermophilic aerobes. Data on the thermal inactivation of these types of spores at temperatures in excess of 121 C (250 F) are restricted (9, 11, 14, 16, 18) . None of these investigations employed heating conditions and procedures that could be extended adequately to UHT treatment of spores in milk by direct steam injection. Therefore, to obtain information useful in the evaluation of UHT processing, this study was initiated to describe the thermal inactivation characteristics of spores produced by B. stearothermophilus strain 1518 (smooth) and putrefactive anaerobe (PA) 3679 strain NCA, and to evaluate factors that influence the inactivation constants. Missouri, Columbia) . Stock cultures were maintained on Nutrient Agar (BBL) slants. The slants were incubated for 48 hr at 55 C and were stored at 3 C until needed. PA 3679 strain NCA was obtained from Z. John Ordal (University of Illinois, Urbana). Stock cultures were maintained in TSP broth (20) . The cultures were incubated for 72 hr at 32 C and were stored at 3 C until needed.
Media. All media were prepared from the dehydrated forms (BBL or Difco) and were modified as indicated. The media were dispensed in 100-ml quantities into milk dilution bottles, autoclaved for 15 min at 121 C, and stored at room temperature until needed. Media for anaerobic studies were prepared immediately before use. Two types of nutrient agar, which differed only in the type of polypeptone, were used as sporulation media for B. stearothermophilus. The general composition of the nutrient agar was: polypeptone, 5 g; Beef Extract (BBL), 3 g; agar, 15 g; MnCl2 solution (5,000 ppm), 2 ml; and distilled water, 1,000 ml. One type of nutrient agar (NA-T) contained 2.5 g of Trypticase (BBL) and 2.5 g of Thiotone (BBL) as the polypeptone constitutent; the polypeptone in the other nutrient agar (NA-G) was 5 g of Gelysate (BBL). The plating medium for B. stearothermophilus was Dextrose Tryptone Agar (Difco) plus 0.5% added soluble starch (DTS). Two liquid media were used in the sporulation procedure for PA 3679: TSP broth formulated according to Zoha and Sadoff (20) , and 10% Trypticase broth (100 g of Trypticase in 1,000 ml of distilled water 4 ,000 X g. The spores were resuspended in water and separated by centrifugation for 20 min at 5,800 X g three times. After the final washing, the spores were suspended in water and stored at 3 C until needed.
The PA 3679 inoculum, a 24-hr static culture in TSP broth incubated at 32 C, was dispensed in 100-ml quantities in the bottom of 1-liter Erlenmeyer flasks containing 900 ml of freshly autoclaved 10% Trypticase broth. Sufficient quantities of inoculum were obtained by serial transfer in TSP broth (10% inoculum). After 72 hr of incubation at 32 C, the spores were collected by centrifugation for 20 min at 4,000 X g. The spores were resuspended in cold, sterile distilled water and separated by centrifugation for 20 min at 4,000 X g three times. After the final washing, the spores were suspended in water and stored at 3 C for no longer than 2 weeks before being used in the study. (4) . Wynne Medium was used for the enumeration of maximal numbers of survivors as suggested by Frank and Campbell (10) . Either liquid medium for MPN determinations or solid medium for colony counts was added to screwcapped tubes containing 1-ml quantities of appropriate 10-fold serial dilutions of the samples. The inoculated medium then was overlaid with 3-ml quantities of 2% agar and incubated at 32 C. Colony counts were made after 7 days of incubation. Populations were estimated by MPN in the liquid medium after 30 days of incubation.
Owing to inherent characteristics of the steam injection system, increases in treatment temperature resulted in shorter exposure times in the same holding tube. Average exposure times obtained with the three holding tubes used in this study at various test temperatures are shown in Table 1 . Any reference to exposure times in the text for convenience mentions only one holding time which best represented the trial under consideration. However, the actual measured times or interpolated times were used in calculating the D values and constructing the time-survivor curves. The heating menstruum (skim milk), pilot-plant UHT system, timing of product flow, and heating procedures used here were described by Edwards et al. (7) .
All counts were averages of triplicate plates or tubes. In each trial, the skim milk was inoculated with both B. stearothermophilus spores (ca. 106/ml) and PA 3679 spores (ca 105/ml), and the thermal inactivation was accomplished simultaneously for both types of spores. Three separate control counts were obtained after heating at 80 C for 10 min, 90 C for 20 min, and 100 C for 15 min.
RESULTS AND DISCUSSION
In an earlier report (7), the peculiar thermal inactivation characteristics of B. subtilis A spores observed at UHT levels indicated a need for additional studies under processing conditions. Although spores formed by mesophiles are not as heat-resistant as spores produced by some thermophilic aerobes and anaerobes, the previous study on B. subtilis A spores laid the groundwork for subsequent investigations on other test organisms. In the present study, the strains of B. stearothermophilus and PA 3679 were selected because of their high heat resistance and their common use as test organisms in evaluations of thermal processes.
Temperature-survivor curves (plot of the logarithm of the per cent survival against exposure temperature) graphically illustrate the thermal inactivation of bacterial spores exposed to UHT treatments. Data from duplicate trials with a 4.1-sec holding time, which are representative of trials at all holding times, are presented in Fig. 1 Extended storage at 3 C had little or no effect on the apparent number of PA 3679 spores surviving UHT treatment. Periodic samplings up to 5 months indicated no significant change in population. However, storage of samples containing UHT-treated B. stearothermophilus spores resulted in decreased numbers of apparent survivors. Inactivation during storage ranged up to 99% after 5 months at 3 C. The amount of inactivation during storage at 3 C was proportional to the amount of inactivation detected immediately after a given UHT treatment; i.e., samples which contained less than 10% of the maximal count immediately after UHT treatment also exhibited extensive inactivation during storage at 3 C.
The inadequacy of sterilization by deactivation (13) was suggested when PA 3679 spores surviving the heat treatment remained viable during 5 months of storage at 3 C. Although B. stearothermophilus spores surviving the heat treatment rapidly lose viability and B. subtilis spores also deactivate at 3 C (6), the resistance of PA 3679 spores to deactivation indicates that autosterilization cannot be relied upon for adequate processing.
Exact replication of sampling temperatures in different trials was not possible, owing to inherent limitations of the UHT unit (7) . Therefore, timesurvivor curves were constructed from survival values obtained at given temperatures on the temperature-survivor curves. Time-survivor curves from these data are shown in Fig. 2 . The curves indicating the inactivation of B. stearothermophilus spores show the influence of sporulation media on the subsequent heat resistance of the spores. Generally, the curves for spores from the NA-T sporulation medium approximated a straight line and the curves for spores from the NA-G sporulation medium displayed an initial plateau. Two groups of workers (12, 15) Decimal reduction time (DRT) curves were constructed from D values according to the method described by Edwards et al. (7) . The DRT curves shown in Fig. 3 approximated a straight line in all cases. For B. stearothermophilus spores, the influence of sporulation medium was evident in the relative thermal resistance and the slope of the DRT curves. Spores produced on the sporulation medium, NA-G, were significantly more heat resistant at comparable test temperatures from 265 F (129 C) through 275 F (135 C). However, spores produced on NA-G exhibited a lower ZD value (12 F; 6.7 C) than spores produced on NA-T (ZD = 16 F; 8.9 C). Exposure times from 2.7 to 8.1 sec had little if any effect on the D values or the ZD values of either B. stearothermophilus spore preparation.
The DRT curves for data on B. stearothermophilus spores that were produced on the two media emphasized the influence of different peptones in the sporulation medium. Gelysate not only increased the relative heat resistance of the spores but also lowered the ZD value significantly. The influence of different peptones in the sporulation media has long been recognized (19) . Several reports indicate that inorganic constituents of the medium, both divalent cations (2) and phosphate (8) , affect the subsequent heat resistance of the spores. The present study did not attempt to identify the specific peptone constituents that influenced the relative heat resistance; nevertheless, the observations are significant in that nutrient agar is recommended as a sporulation medium (17) for the production of B. stearothermophilus spores used in process evaluations. Since both peptones have been used indiscriminately to formulate nutrient agar distributed by a major supplier, the type of peptone employed could radically influence the observed resistance of the test spore suspension.
For PA 3679 spores, the exposure time had a significant effect on the D values observed throughout the test range of temperatures; however, the holding time had little if any effect on the ZD values (Fig. 3) . The long exposure time (8.3 sec) resulted in an apparent greater thermal resistance for the PA 3679 spores. These results were anticipated after observing the extreme tailing exhibited in the time-survivor curves (see Fig. 2 ). Thus, the DRT curves from inactivation data on PA 3679 spores also displayed the phenomenon of heat adaptation (1 (Fig. 3) , spores ofBacillus stearothermophilus 1518 produced on NA-G; *, datafrom this paper (Fig.  3) The DRT curves in Fig. 4 show the relationship between data obtained in this investigation and data published previously by other workers. Included from this investigation (see Fig. 3 As stated previously (7), the UHT system with direct steam injection provides conditions that promote efficient inactivation of spores with heat. The thermal inactivation characteristics presented here illustrate the necessity for experimental evaluation of UHT processing rather than extrapolation from data obtained at lower temperatures if significant errors are to be avoided in establishing acceptable processes.
